A versatile system consisting of an integrational vector and a bacitracin (Bt)-producing P-galactosidase (P-Gal)-negative (Lac') Bacillus licheniformis TLH strain was constructed to quantify promoter activity and to study gene regulation in a single-copy set-up. The vector pTLH utilizes the promoterless Escherichia coli lacZ gene derived from pQF52 and contains the pBR322 origin of replication and a kanamycin-resistance gene for selection in both B. licheniformis and E. coli. The vector also contains an inner part of the first gene of the Bt synthetase (bts) operon which enables its integration into the bts of B. licheniformis by Campbell-type recombination. This recombination event can be easily tested on a Micrococcus flaws lawn where loss of Bt production, i.e. no clearing zone on the lawn, is indicative of the proper integration. The Lac' B. licheniformis TLH strain was developed by elimination of the natural /?-Gal activity of B. licheniformis strain ATCC 10716 UMl2 using NTG mutagenesis.
INTRODUCTION
Bacillus licheniformis is used for the industrial production of the peptide antibiotic bacitracin (Bt), aamylase, P-lactamase, alkaline protease and alkaline phosphatase (Kleinkauf & von Dohren, 1987; Harwood, 1992) . In the framework of a strain improvement and genetic manipulation programme, the construction of a system to study gene expression and to analyse regulatory elements in B. licheniformis is indispensable. Prokaryotic gene regulation is frequently studied using operon fusions carried on plasmids (for a review see Slauch & Silhavy, 1991) . Some of these, with the Escherichia coli l a c 2 gene as an indicator, have found widespread application in selecting or screening for transcriptional control signals and in studying regulation of various promoters. There are more advantages to using the l a c 2 gene than other reporter genes: its product, P-galactosidase @-Gal), can be easily and sensitively measured by an assay for @-Gal activity reported by Miller (1972) , and there are various indicators that can be incorporated into plates to generate a colour change (e.g. X-Gal). In addition, the fluorogenic substrate MUG (4-me t h y 1 um be1 li f er y1-P-D -g a 1 act opyranoside) is inexpensive and gives a product that can be visualized by UV light and is an exceedingly sensitive indicator (Errington, 1990) . The use of antibioticresistance reporter genes is less versatile because of the expense and limited sensitivity of the available assay systems (Farinha & Kropinski, 1990) .
In Bacillus subtilis, a number of integrational vectors have been created which allow the construction of fusions with the l a c 2 gene at either the transcriptional or translational level. The advantage of using integrational vectors is that obtaining the fusions does not necessarily result in gene disruption, and thus the pattern of regulation of essential genes can be monitored (Perego, 1993) . Additionally, using integrational vectors, transcriptional and translational fusions can be analysed in single copy integrated via a Campbell-type mechanism into the wild-type locus of the cloned insert, or in single copy integrated into a heterologous, defined locus thought to be more advantageous because: (i) the study Abbreviations: Bt, bacitracin; P-Gal, P-galactosidase; MCS, multi-cloning (Lewandoski & Smith, 1988 ; Perego, 1993) -The latter is 0002-2602 0 1998 SGM of the transcriptional potential of a specific DNA fragment is accomplished in a transcriptionally neutral region of the chromosome, therefore the sequence at the normal chromosomal location of the gene used to create the fusion remains intact; (ii) deletion analysis to study the role of segments surrounding the promoter in gene regulation can be easily carried out; and (iii) lac2 fusions constructed of genes from organisms completely dissimilar to B. subtilis can be integrated. As a consequence, this approach, employing the amyE locus as the integration site, is frequently used in B. subtilis (Shimotsu & Henner, 1986; Lewandoski & Smith, 1988; Perego, 1993; Axel et al., 1996) .
With full knowledge of the above advantages, the need to analyse the expression of regulated genes in B. licheniformis has motivated the development of a system which allows us to study gene expression and gene regulation in a heterologous, defined locus. T o achieve this approach, we took advantage of the B. licheniformis ATCC 10716 UM12 strain, whose Bt production can be used for the easy testing of integrational events at the Bt synthetase (bts) locus. If the vector carrying an internal homologous fragment integrates into the bts operon by a Campbell-type mechanism, due to gene disruption, there will be no zone of clearing on the indicator lawn of Micrococcus fiavus, which is sensitive to Bt. Furthermore, the rationale for the selection of the B. licheniformis ATCC 10716 UM12 strain is that it can be transformed with high efficiency by various methods (McCuen & Thorne, 1971 ; Pragai et al., 1994) . Thus the method that was based on the application of two +ori-pUBllO sequences in the same orientation on the parental plasmid, and used for integration of DNA sequences in the chromosome of poorly transformable bacilli (Tangney et al., 1995) , is avoidable. The use of the lac2 gene as a reporter gene in B. licheniformis, however, incurs a major problem: all B. licheniformis strains, including B. Zicheniformis ATCC 10716 UM12, have natural @-Gal activity. Hence, to be able to study gene expression in a single-copy integrational state in B. licheniformis ATCC 10716 UM12 based on lac2 complementation, the elimination of its natural p-Ga1 activity is necessary.
In this article, we report the construction of a versatile system for studying gene expression in single copy integrated via a Campbell-type mechanism into the heterologous bts locus consisting of a promoter-probe pTLH vector and a Lac-mutant derivative of B. licheniformis ATCC 10716 UM12 isolated by NTG mutagenesis. (Sik et al., 1980) . If necessary, YTA medium was supplemented with ampicillin (100 pg ml-l), kanamycin (10 pg ml-l) and X-Gal (40 pg ml-l for E. coli and 80 pg ml-l for B. licheniformis) . For the transformation of B. licheniformis protoplasts, media were used as described previously by Pragai et al. (1994b) .
METHODS
DNA techniques. Total DNA was extracted from B. licheniformis by the method of Bron (1990) . Preparation of plasmid and phage DNA, restriction endonuclease digestion, filling-in of cohesive ends, ligation, agarose gel electrophoresis and transformation of E. coli competent cells were applied as described by Sambrook et al. (1989) . NTG mutagenesis was carried out according to Cutting & Vander Horn (1990) . The PEG-induced transformation procedure for B. licheniformis protoplasts was reported previously by Pragai et al. (1994) .
Southern hybridization was performed using the DIG DNA Labeling and Detection kit as described in the protocol (Boehringer Mannheim) . Enzymes were purchased from MBI Fermentas and Pharmacia Biotech and used according to the manufacturers' instructions.
Assay for B t production. The colonies were picked onto plates containing M. flaws, which is sensitive to Bt. The Bt' and Btphenotypes can be distinguished easily. Around colonies of Bt+ strains, a zone of clearing indicates growth inhibition of M. flauus, which becomes visible after incubation for 24 h at 37 "C. In the case of the Bt-phenotype, this effect cannot be seen.
Assay of &Gal activity. Overnight cultures were diluted 100-fold in fresh YTA medium and cultivated to the early exponential growth phase (OD,,, = 0.24; UVllOl Biotech Photometer). The cultures were again diluted 100-fold and grown at 37 "C with intensive agitation (in an incubated shaker at 250 r.p.m.). Samples were collected at hourly intervals from the third hour for OD,,, readings and p-Gal activity determinations. The p-Gal assay and the calculation of activities (expressed as units per OD,,,) were carried out as described by Miller (1972) .
RESULTS AND DISCUSSION

Isolation of the Lac' B. licheniformis TLH strain
After mutagenesis of strain B. licheniforrnis ATCC 10716 UM12 with NTG, the mutagenized stock was screened for mutants unable to express p-Gal. From approximately 5000 surviving colonies, one white colony, called B. licheniformis TLH (Lac-mutant), was found on X-Gal plates. The p-Gal activity of this mutant was measured in extracts from cells grown overnight, and found to be approximately five times lower than that of the wild-type strain. T o determine the reversion frequency, the B. Zicheniformis TLH mutant was grown for 20 generations in YTA broth. The cells were then washed with sterile distilled water and the dilutions were plated on YTA agar containing X-Gal. N o Lac+ revertants were observed among 9.2 x 10' c.f.u. ml-', therefore the reversion rate was less than lo-' per Pragai (1994) Meima et al. (1996) Pragai et al. (1997) This study
This study
This study
This study generation. The NTG mutagenesis did not affect Bt production of the B. licheniformis TLH strain. Hence, bts can be used as the integration site and then the production of Bt is used for testing integrational events.
Construction of the pTLH vector
T o construct versatile integrational vector pTLH for studying gene expression in B. licheniformis TLH, we took advantage of the promoterless lac2 gene derived from pQF52, which is a promoter-probe vector and capable of replicating in a wide range of Gram-negative bacteria (McLean et al., 1997) , and of the multi-cloning site (MCS) placed upstream of the lac2 gene. In the latter construct, the first 15 bases of the lac2 gene were replaced with the Shine-Dalgarno sequence and the first 12 bases of the E. coli lipoprotein (lpp) gene (Kalnins et al., 1983; Nakamura & Inouye, 1982; Ruther et al., 1981) . This region also contains translational stop codons in all three reading frames located between the MCS and the translation initiation codon of the indicator gene. The above topology prevents initiation of translation from other start sites into the indicator gene which may have unwanted effects on its expression. The hybrid p-Gal is enzymically indistinguishable from the native protein, which is one amino acid longer.
The lac2 gene from pQF52 was excised as a 3.8 kb NdeI-ScaI fragment and ligated to pBR322 cut with the same enzymes, creating a 5.6 kb pBRQF, which is smaller than pQF.52 (6-8 kb), because the ori,,,, (Olsen et al., 1982) was deleted. As a next step, the 3 kb fragment containing the Kmr gene and the flanking internal part ('6tsA') of the bts operon in pBEl (Pragai, 1994) was purified upon digestion with EcoRI and BamHI. The ends of this fragment were filled in, and the resulting fragment was ligated to pBRQF digested with ScaI, creating the final product, pTLH, which is 8.6 kb in size (Fig. 1) . The two trpA terminators placed upstream of the MCS were sufficient to prevent readthrough transcription from promoters located in the pQF52 region of the plasmid (Farinha & Kropinski, 1990) .
Testing of the pTLH-B. lichenifomis TLH system
To demonstrate that the pTLH-B. licheniformis TLH system can be used to investigate gene expression in a single copy, the indicator lac2 gene was fused with the Pspoz promoter (a constitutive promoter derived from the B. subtilis bacteriophage SP02) and with the PPyr promoter of the B. subtilis 168 pyrimidine biosynthetic ( p y r ) gene cluster. To construct the P,,,,-lacZ transcriptional fusion, the 0.3 kb EcoRI fragment carrying Pspoz was deleted from plasmid pGPl00 (Meima et al., 1996) , the ends of the fragment were made blunt and inserted into pTLH digested with StuI, creating the pTLHspo2 plasmid. T o construct the P, ,.-lac2 transcriptional fusion, the PPyr promoter &om pKSAll (Pragai et al., 1997) was transferred as a 0-8 kb HincIIXhoI fragment to pTLH cut with StuI and XhoI, creating the pTLHpyr plasmid. E. coli cells were transformed, and lac2 fusions were detected on X-Gal indicator plates, where promoter-positive clones manifested themselves as blue colonies. Subsequently, the two transcriptional fusions were integrated via a shown).
in the first 6ts gene of B. Zicheniformis integrants was confirmed by Southern hybridization analysis (data not Campbell-type integration into the 6ts operon of B. Zicheniformis TLH using kanamycin for selection in protoplast transformation of this strain. The promoterless insertions served as controls. Insertion by a Campbell-type recombination at the 6ts was verified by the Bt-phenotype of the cells, which could be identified on an indicator lawn of M. flavus.
The efficiency of transformations was 1-2 x lo2 Kmr and P-Gal-producing transformants per pg plasmid DNA, which is approximately lo4 times lower than that (1.1 x lo6) with plasmids carrying Gram-positive replication origins (Pragai et at., 1994 The promoter-probe pTLH plasmid can also be used to screen for regulatory mutants. If the transcriptional fusion is negatively regulated, expression in the wildtype background will be low, resulting in a low p-Gal activity. In contrast, inactivation of the repressor gene will lead to increased ,%Gal activity. If the transcriptional fusion is positively regulated, expression will be high and inactivation of the gene encoding the activator will result in low or even no p-Gal activity.
We have shown in this paper that the Lac-B. 
